During embryogenesis and wing disc morphogenesis in Drosophila, different developmental mechanisms are used along the anteroposterior (A-P) axis. The establishment of antero-posterior polarity requires the secreted protein Hedgehog, which is only expressed in P compartments and which is a key effector of the Engrailed transcription factor. At the same time, it is essential that both engrailed and hedgehog (hh) remain in a repressed state in A compartments. In this article, we show that hh is maintained in a repressed state by the Polycomb group (PcG) chromatin proteins. We show that this process takes place during embryogenesis through two genomic elements that display genetic properties of a PRE. Interestingly, hh expression is not regulated by PcG genes in salivary glands, although at the same developmental stage PcG proteins repress hh in the A compartment of the wing disc. In addition, no PcG binding sites were found on polytene chromosomes, neither within hh transgenic constructs nor at the hh endogenous locus. Together, these results suggest that hh repression by the PcG acts in a tissue-specific manner. q
Introduction
During Drosophila development, a segmentation process takes place along the antero-posterior (A-P) axis of the body. This process results from the early activity of genes of both maternal and zygotic origin. These genes include the gap and pair-rule genes, which are involved in the correct establishment of the number of segments, and the segment polarity genes, which are involved in antero-posterior axis formation within each segment (Nüsslein-Volhard et al., 1987; Nusslein-Volhard and Wieschaus, 1980) . All of these genes are also involved in establishing the expression of hox genes, leading to further differentiation and acquisition of segmental identity (Lewis, 1978; McGinnis and Krumlauf, 1992) .
During the formation of the segments, expression of the engrailed (en) gene in the posterior (P) compartment of each of the fourteen segments is sufficient to impart P identity onto the cells (Kornberg, 1981) . At the same time, the absence of en expression in the other part of the segment is sufficient to give an anterior (A) identity (Kornberg, 1981) . The en gene encodes a homeodomain-containing transcription factor that can directly bind DNA, acting as either a repressor or an activator of its target genes (Desplan et al., 1985; Serrano et al., 1995) . Engrailed (EN) can act as a repressor, for instance, of cubitus-interruptus (ci) expression in the P compartment, leading to ci expression exclusively in the A compartment (Chanas et al., 2004; Eaton and Kornberg, 1990; Tabata et al., 1995) . On the other hand, P cells that express EN also express Hedgehog (HH), and ectopic expression of EN during embryogenesis or wing morphogenesis leads to hedgehog (hh) activation (Tabata et al., 1992; Tabata et al., 1995) . While this suggests that normal hh expression in the P compartment is dependent on EN (Tabata et al., 1992; Tabata et al., 1995) , it is unknown whether this activation is direct or not, although recent studies are highly suggestive of a direct effect of EN on hh expression (our unpublished results; Alexandre and Vincent, 2003) . During embryogenesis and wing morphogenesis, the secreted protein HH signals to adjacent A cells which express the HH receptor Patched (PTC) (Nybakken and Perrimon, 2002 for review) . These latter cells express the transcription factor Cubitus-Interruptus (CI), the activator form of which is stabilized by HH signalling, leading to further activation of CI target genes (Nybakken and Perrimon, 2002) . In order to maintain A-P identities, it is essential that en, ci and hh are strictly expressed in the correct compartments during both embryogenesis and wing development. Initially, en expression is established by a combination of pair-rule genes. Later, its expression depends on other segment polarity proteins acting in specific segments, such as tramtrack (ttk) in odd segments (Wheeler et al., 2002) and wingless (wg) in all the segments (Heemskerk et al., 1991) . Once fine-scale en expression is established, the Polycomb group (PcG) genes maintain its repression in all embryonic segments (Dura and Ingham, 1988; Moazed and O'Farrell, 1992) and during larval development (Randsholt et al., 2000) . The repression of ci is initially established by EN in each segment, and is subsequently maintained by the combined action of EN in association with PcG proteins (Chanas et al., 2004) . The maintenance of hh repression in the A compartment of the wing disc has also been shown to be dependent on the PcG genes (Randsholt et al., 2000) .
The PcG genes were initially defined based on their role in maintaining homeotic gene repression throughout development (Soto et al., 1995; Struhl and Akam, 1985) . PcG proteins act through DNA elements named PREs, for PcG Response Elements, which are thought to be the central region used by PcG to repress their target genes. Recent works on PcG have confirmed the existence of distinct complexes. A first complex, containing Extra-sex-comb (ESC) and the methyl transferase protein Enhancer of Zeste (E(Z)), seems to act early and to be involved in the trimethylation of lysine 27 on histone H3 (tri-met K27-H3) (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Muller et al., 2002) , and to a less extent to trimethylation of lysine 9 on histone H3 (tri-met K9-H3) (Czermin et al., 2002; Kuzmichev et al., 2002; Ringrose et al., 2004) . A second complex, PRC1, containing the Polycomb (PC) and Polyhomeotic (PH) proteins (Francis et al., 2001; Shao et al., 1999) , seems to act later and to interfere directly with the transcriptional machinery to repress its activity . The link between these two complexes is still unclear. It has been observed, however, that the PC protein is often associated with the trimethylation on histone H3 mark on polytene chromosomes (Fischle et al., 2003; Ringrose et al., 2004) . When tested in vitro, the PC chromodomain preferentially binds to trimet K27-H3, rather than tri-met K9-H3 (Fischle et al., 2003; Min et al., 2003) .
Approximately 100 target genes of PcG have been defined on polytene chromosomes (Franke et al., 1992) , and genome-wide bioinformatics PRE/TRE prediction recently allowed identifying many of them (Ringrose et al., 2004) . However, the most thoroughly described are genes from the homeotic complexes (Antennapedia and Bithorax) (Cavalli and Paro, 1998; Tillib et al., 1999) , but also polyhomeotic (ph), a member of the PcG, (Bloyer et al., 2003; Fauvarque and Dura, 1993) , the en locus (Kassis, 1994; , and the ci locus (Chanas et al., 2004) . Each of the PREs identified within these genes present PRE-specific characteristics even when tested independently (Kassis, 2002 for review) . These properties are: (1) variegation of the mini-white reporter gene corresponding to random expression of mini-white in the adult eye, (2) the Pairing Sensitive Silencing effect (PSS), in which two copies of mini-white transgene under the control of a PRE show weaker expression than when only one copy is present, (3) PcG dependence of transgene expression, and (4) an additional binding site for PcG proteins at the insertion site of the transgene on polytene chromosomes.
PcG has previously been shown to be involved in hh repression in the A compartment during wing disc development (Randsholt et al., 2000) , and a PRE associated with a cellular memory module (CMM) has been identified (Maurange and Paro, 2002) . However, no experiments have analysed a role for PcG in hh repression during embryogenesis and in other larval tissues.
In the results reported here, we show that ph is involved in hh repression in the A compartment of embryonic segments independently of en expression. In addition, we show that PC and PH bind together the hh locus on two DNA elements. These elements present most of the criteria defined for the identification of PREs. However, no additional binding site on polytene chromosomes could be found on hh transgenic lines containing these PREs. Moreover, we also show that no PC or PH binding sites can be detected on the endogenous hh locus. We further identify that the hh repression does not depend on PcG genes in larval salivary glands, whereas at the same stage hh repression depends on PcG genes in the wing discs. Finally we show that the repression of hh in the salivary glands is not associated with a change in chromatin structure such as the presence of repressive Histone mark, but rather involve other molecular mechanisms. Therefore, this is the first demonstration of a gene regulated by PcG that is not bound by PcG proteins in salivary glands.
Results

polyhomeotic is involved in hedgehog repression in A compartments during embryogenesis
In order to determine whether ph is involved in hh repression during early development, we compared the expression of the HH protein in ph 0 and wild-type embryos. For this purpose, we used an enhancer trap line in which the b-galactosidase (b-gal) gene has been inserted within the hh locus, in position 94E (Randsholt et al., 2000) . This leads to b-Gal expression that follows the expression pattern of hh. EN expression was also analysed in the same embryos by immunostaining (Fig. 1) .
In wild-type embryos, b-Gal expression shows the same pattern as EN in the P compartment (Fig. 1A-C) . In ph 0 embryos, however, EN and b-Gal (and thus HH) expression is disturbed, even though segments are correctly formed ( Fig. 1D-F) . Specifically, in ph8 embryos EN and HH are expressed in both the P and the A compartments. The misexpression of HH is only detected starting in stage 13 ph 0 embryos, similar to previous results obtained with EN and CI (Chanas et al., 2004) . We also observed that in ph 0 embryos, some cells express b-Gal without expressing EN, showing that HH activation in the A compartment is not always associated with EN expression. This suggests that PH can act directly on hh regulation during embryogenesis.
These results show that hh repression by ph occurs during embryogenesis in the A compartments of each segment, as has been previously shown during larval development (Randsholt et al., 2000) . Also, PH seems to act directly on hh repression, as HH can be up-regulated even in cells that do not express EN.
Polycomb Group proteins bind the hedgehog locus through two distinct PREs
In order to confirm a direct effect of the PcG proteins on hh during embryogenesis, we searched for PREs within the hh locus using immunoprecipitation experiments on embryonic chromatin. ChIP experiments allow the identification of in vivo binding sites of transcription or chromatin factors (Bloyer et al., 2003; Cavalli and Paro, 1998; Chanas et al., 2004; Maurange and Paro, 2002; Serrano et al., 1995; Solano et al., 2003; .
In the data presented in Fig. 2 , ChIP experiments were performed in which chromatin isolated from 0-12 h embryos was immunoprecipitated with antibodies against PH and PC proteins.
As regulatory regions of hh have not been defined, hybridization experiments were first performed on a 45 kb genomic region that covers the hh locus (data not shown). This experiment allowed the isolation of a 14 kb region that contains the major PH and PC peaks of fixation ( Fig. 2A ). This region extends 3 kb upstream of the initiation start site and covers the first two exons and the two introns of hh ( Fig. 2A) . Chromatin preparations were further used as radiolabeled probes to hybridize Southern blots specifically covering the 14 kb within the hh genomic region (Fig. 2B ). We identified two fragments within this region that were particularly enriched by our PH and PC specific probes. A 377 bp region, named HH-P1, is located 468 bp upstream of the initiation site ( Fig. 2A ). HH-P1 shows a strong enrichment binding factor of 35-fold and 33-fold for PC and PH, respectively (Fig. 2C ,D,E) relative to non-specific binding (corresponding to the Mock IP). Interestingly, this HH-P1 corresponds in part to the fragment previously identified by Maurange and Paro (2002) using a ChIP probe specific of PC. Another 2455 bp region, called HH-P2, which overlaps both the second exon and the second intron of hh, was also shown to specifically retain PH and PC with a 10-fold and 15-fold enrichment factor, respectively, relative to background (Fig. 2C, D, E) .
These data show that the PcG complex binds directly the hh locus in vivo through two genomic fragments that have been identified by ChIP experiment.
HH-P1 and HH-P2 display specific PRE properties
In order to test the properties of the potential PREs identified by ChIP, HH-P1 and HH-P2 were assayed in vivo. Specifically, HH-P1 and HH-P2 were cloned upstream of the mini-white reporter gene and injected into Drosophila.
Both fragments produce a variegation effect of miniwhite in the adult eye in some of the transgenic lines (Fig. 3A,B ). Moreover, a pairing sensitive silencing (PSS) effect is detected with both constructs. This effect is particularly strong in one strain with HH-P2 (Fig. 3B) , and is generally weaker with HH-P1 (Fig. 3A) . In contrast, the white expression driven by all the HH-P1 or HH-P2 strains is not modified in different ph mutant or Pc mutant genetic backgrounds (Table 1) . Moreover, using an immuno-FISH approach on 6 independent strains for each construct shows no additional binding sites at the insertion points of the transgenes (data not shown). These results show that HH-P1 and HH-P2 share only some of the properties normally assigned to PREs. Therefore, we verified whether larger genomic regions would be able to drive also other PREs' properties. For this purpose, we constructed a transgenic line containing a 14 kb genomic fragment (HH-14) that includes both elements ( Fig. 2A) . This 14 kb fragment was cloned upstream of mini-white and reinserted into Drosophila. A shorter 5 kb construct that only contains HH-P1 (HH-8.5) was also cloned upstream of mini-white ( Fig. 2A) . Using the mini-white assay, both constructs show only two kinds of pattern in the adult eye. One pattern corresponds to a strong red eye colour (data not shown), and the other corresponds to 'patterned' mini-white expression, showing a crescent in the posterior part of the eye (Fig. 3C) . In the latter case, the other part of the eye, the anterior part, can be white, yellow or orange (Fig. 3C) , and globally, HH-14 transgenic strains present a darker eye colour than HH-8.5 in the anterior part of the eye (data not shown). This suggests that eye-enhancer sequences could be present in the deleted 5 kb region that is only present in HH-14. A strong PSS effect is evident in both HH-14 and HH-8.5 strains (Fig. 3C) . However, in strains showing a strong red eye colour, no PSS can be detected (data not shown). Moreover, in a ph mutant context (ph 410 ), a very strong derepression of the white phenotype is observed in HH-14 and HH-8.5 'patterned' transgenic lines (Fig. 3D , see summary in Table 1 ). We also looked for additional binding sites for PH in these large constructs. For this purpose, 9 HH-8.5 and 4 HH-14 transgenic lines, that either show a PSS or not, have been tested and no ectopic sites were detectable on polytene chromosomes of these strains (Table 1) .
Using the mini-white reporter assay, we thus confirmed most of the PRE activities for the genomic fragments that contain either HH-P1 or HH-P2 in isolation or within larger genomic regions. However, despite the length of the genomic fragments (8.5 and 14 kb), no additional binding sites were detected on polytene chromosomes of salivary glands. We therefore tested whether these transgenes behave like the endogenous gene.
hedgehog repression in salivary glands is not Polycomb group dependent
Salivary glands are a tissue of mesodermic origin in which en, ci (data not shown) and hh (Fig. 5B) are not expressed. Repression of these three genes is PcG dependent during embryogenesis and wing disc development. Moreover, a strong PH or PC binding site on salivary gland polytene chromosomes can be detected at the endogenous locus of en at position 48A (Zink and Paro, 1989 ) and ci at 102A (Chanas et al., 2004) . We therefore asked whether a PcG binding site could also be detected at the endogenous hh locus at 94E. For this purpose, we used the immuno-FISH technique which was recently developed on polytene chromosomes (Chanas et al, 2004; Lavrov et al., 2004) . This technique allows a more precise localization of binding sites in comparison to DNA localization. In order to detect the hh locus, we used as a probe the 14 kb DNA region covering most of the hh gene and the two identified HH-P1 and HH-P2 PREs (Fig. 4A,D) . On the same preparation, we performed an immunostaining using antibodies against PH or PC (Fig. 4B,E) . No PH or PC binding sites could be detected at the 94E region corresponding to the hh locus (Fig. 4C,F) . The closest sites are at 94C and 94A (Fig. 4C,F) . Since bands on polytene chromosomes are approximately 100 kb in length , these sites can be estimated to be at a distance of 200 to 400 kb, respectively, from the hh gene (Fig. 4C,F) .
This result shows that different transgenes (HH-P1, HH-P2, HH-14 and HH-8.5) behave as the endogenous hh locus does and do not present PH or PC binding sites in salivary glands.
One hypothesis is that hh repression in salivary glands is not PcG-dependent. To answer this question, we performed in situ hybridization to detect hh RNA in larvae from wildtype (Fig. 5A,B) or different PcG mutant genetic backgrounds ( Fig. 5C-H) . In a wild-type background, hh is not expressed in salivary glands, but is expressed in the P part of the wing disc (Fig. 5A,B) . In a hypomorphic ph 410 background, hh is not misexpressed, neither in salivary a are HH-8.5 or HH-14 strains with mini-white expression in a crescent pattern (see text) corresponding to a «patterned» instead a variegated expression of mini-white. The HH8.5 or HH14 strains already presenting a strong mini-white repression when heterozygous, are not displayed. Results are presented as x/y where x is the number of lines showing the phenotype and y which corresponds to the number of lines tested. glands, nor in wing discs (Fig. 5C,D) . In a double mutant, ph 410 ; Pc XL5 or ph 410 ; Pcl T1 , hh misexpression is detected in the A compartment of the wing disc (Fig. 5E,G) . However, even in these contexts, hh is still repressed in salivary glands (Fig. 5F,H) .
In order to discriminate whether this absence of hh derepression results from a lack of specific activator in this tissue, we checked the effects of overexpression of either EN, which is the only known activator of hh (Tabata et al., 1992; Maurange and Paro, 2002 ; our unpublished results) or VP16-EN, which corresponds to an activator form of EN (Alexandre and Vincent, 2003; Solano et al., 2003) . In both cases, hh remains repressed (data not shown).
Therefore, hh locus in salivary glands seems locked and inaccessible to the proteins that are involved in its regulation in other tissues, such as wing discs.
hedgehog repression in salivary glands is not associated with repressive histone marks
In order to understand the molecular basis of hh repression in salivary glands, we checked for histone marks normally associated with the repressive state. Our hypotheses were that either a repressive histone mark at the hh locus could be independent of PcG, or that other members of the PcG besides PH or PC could be involved in hh repression in the salivary glands, resulting in a histone mark. The most described modifications are tri-met K27-H3 and tri-met K9-H3 which are often associated with PcG activity (Cao et al., 2002; Czermin et al., 2002; Fischle et al., 2003; Kuzmichev et al., 2002; Muller et al., 2002; Ringrose et al., 2004) . These modifications can be associated with PC most of the time, when tested on polytene chromosomes, but not every tri-met H3 corresponds to a PC binding site (Fischle et al., 2003; Ringrose et al., 2004) . Concerning the 94 region on chromosome 3, two PcG binding sites as well as two tri-met K27-H3 sites have been described, whereas no tri-met K9-H3 are detected (Ringrose et al., 2004) . Therefore, we analyzed chromatin modifications at the hh locus using anti-tri-met K27-H3 on polytene chromosomes. By immuno-FISH, no methylation of histone H3 on Lysine 27 was detectable at the hh locus at 94E (Fig. 6) . In contrast, the PH and PC binding sites at positions 94C and 94A were recognized by the tri-met K27-H3 antibody (Fig. 6B) , and so might correspond to the two tri-met K27-H3 sites previously identified (Ringrose et al., 2004) .
Thus, hh repression in salivary glands seems to be independent of PcG activity and on modification of chromatin structure associated to tri methylation of Histone H3. This suggests that, in this tissue, its repression is under the control of a different mechanism.
Discussion
In this report, we show that hh repression is controlled by PcG genes in a stage-and tissue-specific manner. During embryogenesis, repression of hh by the PcG genes in the A compartment occurs independently of en expression, suggesting that it is direct. This agrees with previous results observed during wing disc morphogenesis (Randsholt et al., 2000; Maurange and Paro, 2002) . It can therefore be emphasized that hh repression involves an active mechanism rather than a simple lack of transcription resulting from an absence of en in the same cells. The repression of hh by the PcG genes appears to be effective only from stage 13 embryos onwards. Interestingly, while other genes involved in the A/P patterning of cells (engrailed and cubitus-interruptus) also depend on PcG genes, starting in stage 13 embryos (Chanas et al., 2004; Dura and Ingham, 1988; Moazed and O'Farrell, 1992) , homeotic gene expression depends on PcG regulation earlier, at stage 10 ( Dura and Ingham, 1988; Jones and Gelbart, 1990; Zhang and Bienz, 1992) . This suggests that the maintenance of segmental identity is functional before the maintenance of A/P cell identity. The segmentally repeated expression of hh and en is fundamentally different from the segment-specific expression pattern of homeotic genes. The expression domain of each homeotic gene is confined by a parasegmental boundary, but is set-up early by the gap and pair-rule genes, starting at stage 5 (Muller and Bienz, 1992; Zhang and Bienz, 1992) . Segment polarity genes are involved later, only to refine the boundaries of homeotic gene expression (Mann, 1994) . en and hh are expressed in the posterior of every segment (Tabata et al., 1992) , and are at first under the control of a combination of pair-rule genes, and later of segment polarity genes. For instance, at stage 10, when homeotic genes are already under the control of PcG genes, en repression in the A compartment of odd segments is still regulated by the transcription factor tramtrak (Wheeler et al., 2002) , and repression of ci by EN in the P compartment is just beginning (Chanas et al., 2004) . Thus, PcG proteins act only when target gene repression is clearly established in cells. This happens at stage 10 for homeotic genes and at stage 13 for hh, en and ci.
Initially, PcG factors were identified based on their role in determining cell identity by maintaining the repressed state of homeotic genes. A recent study using bioinformatics has drawn a new picture of PcG activities by identifying 167 target genes (Ringrose et al., 2003) . Neither hh nor ci was found in this study, however, suggesting that different classes of PRE exist with different DNA sequence compositions. Indeed, hh-PRE (Fig. 2F) , and also ci-PRE (Chanas et al., 2004) , do not present usual clusters of DNA binding motifs for proteins such as Pleihomeotic (Pho) and Pleihomeotic-like (Pho-l) (the only PcG members that have been shown to bind DNA), Zeste, and the GAGA factor, all of which were used in the bioinformatics approach (Ringrose et al., 2003) . With respect to homeotic PREs, identification of the DNA binding sequences for these factors has led to the isolation of mini-PREs of 100 to 200 bp in length (Busturia et al., 2001; Dejardin and Cavalli, 2004) . In the case of hh or ci, such motifs are present, but spread over several kilobases (Fig. 2F) . This suggests that, with hh or ci, the PcG recognition sequences, and therefore the composition of the PcG proteins forming the complex, could be different than those seen with homeotic genes.
During embryogenesis, two DNA elements that bind PcG proteins were identified by immunoprecipitation of chromatin. The PcG protein-binding elements within the hh locus present most of the genetic criteria defined for the identification of a PRE, such as variegation, pairingsensitive silencing effect, and also dependence on PcG genetic background when using large fragments. Interestingly, in a previous report, a cellular memory activity was also observed with a 3.4 kb fragment covering HH-P1 (Maurange and Paro, 2002) .
HH-P2 is also bound by PcG in vivo during embryogenesis, but at a lower level than HH-P1, as tested by ChIP experiments, suggesting that the two fragments might cooperate for hh repression. Transgenic Drosophila strains containing the 8.5 kb fragment show a stronger mini-white repression than strains containing the 14 kb region, however, indicating that in the eye disc either the association of HH-P1 and HH-P2 in this latter fragment does not give a better repression, or that eye-enhancer sequences are present in the 5 kb deleted in the HH-8.5 construct.
Surprisingly, no binding of the PcG proteins was detected on polytene chromosomes of larval salivary glands at the insertion sites of various transgenes, regardless of the length of the hh insert. For all the PcG targets that have been previously tested, identification of a PRE has led to the observation of ectopic PH or PC binding sites on polytene chromosomes at the insertion site of the transgene in the genome. Endogenous loci of the isolated PRE also correspond to PcG binding sites on polytene chromosomes, something that has been verified in the case of hox complexes, en (Zink and Paro, 1989) , ph (Bloyer et al., 2003) and ci (Chanas et al., 2004) , but which was not found for hh. We were able to show that in fact hh repression in salivary glands does not depend on PcG regulation, whereas at the same time its repression in the A compartment of the wing disc is PcG-dependent (our results and Randsholt et al., 2000) . However, in a previous study presented by Maurange and Paro (2002) , PcG contribution in hh repression in salivary glands has been identified. In this case, an EP transgenic line corresponding to UAS sequences inserted inside the PRE has been used, which might lead to a new conformation of the locus, making hh more sensitive to PcG. Here we clearly show that PcG proteins are not able to bind endogenous hh locus in physiological conditions. Several hypotheses could be driven to explain this result. One hypothesis is that PcG do not act as active repressors in salivary glands, which will explain the absence of hh expression in PcG mutants. In this case, we will still expect to identify PcG binding sites on hh locus, which is not the case. Therefore, the simplest hypothesis is that hh is not regulated by PcG genes in salivary glands. Absence of hh activation in this tissue might neither result from the absence of activators. Indeed we verified that the only presence of EN or VP16-EN in salivary glands is not able to drive hh activation, whereas in a tramtrack (ttk) mutant background, hh can be derepressed, showing that all the factors necessary for hh activation are present in this tissue (data not shown). This strongly suggests that other molecular mechanisms, potentially involving TTK, but not PcG proteins might repress hh in salivary glands, making chromatin inaccessible to other proteins. One interesting question will be to understand why en, ci and hh, which are involved in the same signalling pathway and which are all PcG targets, are differently regulated in the salivary glands. The data presented here show that the PcG requirement is not a general mechanism for hh repression. Finally, we observed that the results seen with isolated PREs on polytene chromosomes reflect the regulation of the endogenous gene in the same tissue. We were also able to show that hh repression in salivary glands is not accompanied by the histone modification that is usually associated with gene extinction. In the future, it would be interesting to identify the molecular mechanism involved in this case.
Interestingly, repression by PcG also occurs in other tissues during larval development. In the wing imaginal disc, PcG genes are involved in regulating antero-posterior identities by maintaining repression of en and hh in the A compartment, and ci in the P compartment (Randsholt et al., 2000) . Two cell types can be distinguished in the A compartment of the wing disc. One corresponds to the major part of the compartment in which hh is repressed by PcG in all of the cells; in this compartment ectopic expression of EN is sufficient to up-regulate hh (Maurange and Paro, 2002; Randsholt et al., 2000) . The other type corresponds to cells adjacent to the A/P boundary, where EN is expressed late, during imaginal disc development (Maschat et al., 1998) . In these cells, EN drives strong expression of the ph gene, triggering a more robust hh repression. Because of this, expression of EN in these cells is unable to activate hh (Maschat et al., 1998; Maurange and Paro, 2002) . In this latter case, PH overexpression might lead to the recruitment of other PcG proteins to sites of weaker binding affinity, ultimately resulting in stronger repression. This could be the role of HH-P2, which displays a lower binding affinity of the PcG complex than does HH-P1.
By regulating en, ci and hh during embryogenesis and wing imaginal disc development, it is clear that PcG plays a crucial role in controlling A-P identities.
These results suggest that genes involved in a same signalling pathway might globally use the same regulatory machinery, even though slight differences, such as in tissuespecificity, might exist, as shown here in the case of hh. These results also raise the idea that properties of PRE defined for homeotic genes might vary considering other categories of genes.
Experimental procedures
Fly strains
The wild-type strain used was Oregon-R. ph 505 (referred to as ph8) is an amorphic, lethal allele (Dura et al., 1987) . The hh-LacZ strain corresponds to an insertion of an enhancer trap within the hh locus (Randsholt et al., 2000) . ph 410 is a hypomorphic allele, corresponding to an inversion that inactivates the proximal unit of the ph locus (Dura et al., 1987) . Pc XL5 is a homozygous lethal allele corresponding to a 6 amino-acid deletion within the chromodomain (Franke et al., 1995) . Pcl T1 is a homozygous lethal allele (Hagstrom et al., 1997) .
Construction of transgenic lines
HH-P1 and HH-P2 were isolated by PCR from E47 phage (Tabata et al., 1992) using the following primers:
HH-1.1 GGAATTCCCCAGAAGCGGCTAACAAGCCA-CAAGACTCG HH-1.2 CGGGATCCCGACACGCACACACACACTA-TCGCCTCGAGTTC HH-2.1 GGAATTCCGCTCGAGCGGCCACGACTGTG-TGACAAATTCG HH-2.2 CGGGATCCCGAAGAGAGAGAGCAAATCT-TGG These primers contain at their ends the restriction sites BamHI and EcoRI (underlined letters above) allowing them to be cloned directionally upstream of mini-white in Casper-AUG-bGal.
Because HH-14 and HH-8.5 were isolated from E47 phage DNA (Tabata et al., 1992) by enzymatic digestion (SalI), this restriction site was used to clone fragments upstream of mini-white in the Casper-4 vector.
Transgenic constructs were reinserted by transformation into a w 1118 strain.
Antibodies
Anti-EN is a rabbit polyclonal antibody raised against the entire protein and has been used for immunostaining of embryos (1:200) (Randsholt et al., 2000) . Anti-b-Gal is a mouse monoclonal antibody from Promega and was used for immunostaining of embryos (1:1000). Anti-PH (Chanas et al., 2004) and anti-PC (gift from G. Cavalli) antibodies are rabbit polyclonal antibodies that were used for ChIP (respectively at 1:50 and 1:70 dilutions) or for immunostaining (respectively at 1:200 and 1:500 dilutions). Anti-trimet K27-H3 is a monoclonal mouse antibody from Abcam that was used for immunostaining (at 1:20 dilution).
Chromatin immunoprecipitation (ChIP) and Southern blot analysis
ChIP was performed from staged 0-12 h wild type embryos for PH and PC, using a standard procedure (Cavalli et al., 1999) , and modified as previously described (Chanas et al., 2004) .
For Southern blots, 13.346 kb of the hh locus (covering region K2997 to C10349 according to transcript CG4637 from Flybase, where 0 is the ATG of the hh transcription start site) were obtained by XhoI digestion of the HH-14-Casper4 vector. The Casper-4 vector resulting from this digestion is approximately 7.8 kb in length, and was cut off the gel before blotting. After migration on a 1% agarose gel at 40 V, restriction fragments were blotted on a nylon membrane (PerkinElmer life sciences) and hybridized with radiolabeled immunoprecipitated DNA. The ratio of signals from a-PH IP and a-PC IP samples to signals from the Mock IP was used to calculate the Fold Enrichment values plotted on the Y axis of Fig. 2. 
Immunostaining and in situ hybridization
Embryos were fixed and stained with different antibodies diluted to the desired concentration as previously described (Chanas et al., 2004) . Dissected L3 larvae were fixed and hybridized by DIG labeled antisense RNA probes under conditions described in Chanas et al. (2004) . The probe was prepared from hh-exon 3 by PCR using specific primers with EcoRI/BamHI cloning sites and cloned into a pBS-SK vector.
Immuno-FISH on polytene chromosomes
The immuno-FISH protocol was adapted from and used under conditions described in Chanas et al. (2004) . After dissection of salivary glands, time of fixation varied only for anti-tri met K27-H3 antibody, that lasts 5 min, instead of 30 s. At the end of classic immunostaining, post-fixation time varied depending on the antibody: 15 min for anti-PH, 20 min for anti-PC and 30 min for anti-tri met K27-H3.
The DNA probe used for FISH to localise the HH-14 or HH-8.5 transgenic lines or the hh endogenous locus was HH-14-Casper-4 DNA. To localise the HH-P1 and HH-P2 insertion sites, we used as a probe the Casper-AUG-bGal vector without an insert. Immuno-FISH labelling of the endogenous hh locus was performed on a w 1118 strain, while labelling of transgenes was performed on corresponding transgenic lines.
